, just below the 144 mN m −1 (2s)
limit. Prototypes that satisfied the design criteria achieved higher take-off velocity on water ( Fig.  4C ) than when jumping on ground (Fig. 4D) , a counterintuitive result. This may result from a reduction of leg vibration when jumping on water, because the stored energy is transferred into vertical kinetic energy rather than vibration energy. The movie of these jumps supports this proposition (movie S4). In our models, the initial energy stored in the actuator is 0.304 mJ and the jumping kinetic energy of the robot jumping on water is 0.095 mJ (31.3%), whereas the vibration kinetic energy is 0.193 mJ (63.5%) (table S7) . The water-ground velocity ratio (e w ) describes how much momentum the robot attains on water compared with jumping on solid ground.
Water À ground velocity ratio ðe w Þ ¼ Take À off velocity on water Take À off velocity on ground A ratio lower than 1 indicates that the robot did not achieve as much momentum on water as on ground. If the driving force on water is kept below the maximum surface tension force defined by the design criteria, the ratio can be equal to or greater than 1, as was the case for robot 4, which had a maximum driving f just below the maximum surface tension force (2s) (Fig. 4E ). e w values of other prototypes are lower than 1, which means that the water surface is broken because of driving force that exceeds this limit, and thus the take-off velocity on water is reduced (table. S2 and fig. S3 ). High driving force does not guarantee a high take-off velocity in a surface tension-dominant case, as shown in robots 1 to 3 and 5. The maximum driving force is constrained by the surface tension coefficient of water. We may assume that water striders control their muscles precisely to satisfy these criteria in a manner similar to the design of the impulsive actuation mechanism in robot 4 (Fig. 1C) .
Our at-scale water-jumping robotic insect has demonstrated that it is possible to reproduce the performance of water-jumping arthropods and has proved to be an effective tool for verifying theoretical insights on how the surface tension force can play a dominant role in locomotion of these systems. The experimental results improve our understanding of the dynamic interaction between an unconstrained free body and a liquid surface, as observed in semi-aquatic arthropods in nature. indicate a relatively strong field, but the prior history of the geodynamo is unknown. Some thermal evolution models predict no geodynamo before~3.5 billion years ago (Ga) (4) .
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For magnetic minerals to be suitable recorders, they must be small, in the single to pseudosingle domain state (5) , and have remained pristine since formation. The metamorphism that has affected Paleoarchean and older rocks makes paleointensity determination especially difficult. These metamorphosed rocks typically contain large multidomain magnetic grains (MD) with short relaxation times, secondary magnetic remanence carriers, and minerals with a propensity to alter during thermal demagnetization. The single crystal paleointensity (SCP) method was developed to isolate ideal magnetic carriers and behavior (1) (2) (3) . In this method, a host silicate grain separated from a bulk rock is the focus of paleointensity study. The silicate is itself not of intrinsic magnetic interest; instead, it acts as the host to minute magnetic inclusions that have been shown to record magnetic fields with high fidelity. Previous SCP studies focused on feldspar (1, 2), quartz (2, 3), and olivine (6) hosts. Here, we present SCP data from zircons.
The Jack Hills (JH) conglomerate bears the oldest known zircon populations, with grains up to~4.4 billion years old (7, 8) . Unlike prior SCP studies, these zircons are detrital; their source has yet to be discovered and may have been lost to erosion. We evaluate the potential of events after and before the depositional age of the conglomerate (~3 Ga) to impose secondary magnetizations through paleomagnetic conglomerate tests and sensitive high-resolution ion microprobe (SHRIMP) analyses, respectively.
The JH belt has been metamorphosed to at least~475°C (9) and variably deformed. Metamorphism is common in Archean terrains, but key samples that have locally escaped the more extreme effects of chemical and physical alteration accompanying metamorphism can sometimes be isolated (3). For example, some of the JH conglomerates are far from rare late intrusive volcanic rocks, which are expected to impose thermal and/ or chemical remagnetizations. The interior of some cobble-sized clasts preserve centimeter-sized regions with a minimum of internal deformation and secondary mineralization, and a magnetitedominated magnetization that passes a conglomerate test after demagnetization to temperatures of 500°to 550°C (10) . Thus, locally components of the JH sediments have the potential to preserve magnetizations at high unblocking temperature in single or pseudosingle domain magnetic grains.
Our samples for zircon analysis were collected near the Discovery outcrop (7),~1 km East of the cobble-bearing sites (10) . Quartz clasts near the Discovery outcrop are pebble-sized (>4 mm, <64 mm), and because of this small size, they have suffered penetrative deformation; they are too deformed for a meaningful macroconglomerate test, but the zircons have survived with little or no internal deformation. We conducted a microconglomerate test on oriented small (~500 to 800 mm) samples, each centered on a single large (200 to 300 mm) zircon (11) to test whether the characteristic magnetization held by zircons from our samples has also survived post-depositional geological events. We used an ultrahigh-resolution three-component direct-current superconducting quantum interference device (SQUID) magnetometer (William S. Goree, Inc., Sand City, CA) that affords an order of magnitude greater sensitivity than that of other high-resolution SQUID rock magnetometers (11) in order to meet the challenge of full-vector measurement of such small samples with low bulk magnetizations. Thermal demagnetization by use of a CO 2 laser (2) revealed unblocking between 565°and 580°C, which is consistent with a magnetite carrier ( fig. S1 , A to G). The characteristic magnetization of individual samples is well defined (median angular dispersion <10°), but together, the directions from seven samples cannot be distinguished from those drawn from a random distribution, indicating a positive microconglomerate test ( fig. S1H ). This test also addresses the debate over the primary nature of inclusions within JH zircons (12, 13) . If magnetite carrying the characteristic magnetization was formed during metamorphism after conglomerate deposition, it should record a consistent direction that is contrary to our results. As in the larger-scale conglomerate test, multiple directions that are distinct from the high unblocking temperature magnetization (on a per sample basis) are isolated at lower unblocking temperatures, excluding modern lightning effects. The low unblocking temperature magnetizations reflect post-depositional geological events.
A zircon might also have experienced a reheating event from the time spanning its formation to incorporation into the JH conglomerate. We tested for the presence of reheating in two ways. First, we searched for Pb loss in the SHRIMP data that could be associated with hypothetical geologic events between initial zircon crystallization and emplacement in the conglomerate. Inhomogeneous redistribution of Pb within zircon at the nanometer scale is common in zircon that has experienced high-temperature metamorphism (11) . The secondary ion mass spectrometry (SIMS) analysis sputters zircon to a depth of 700 to 1000 nm over~15 min so that each individual analysis represents a depth-time series. In our second approach, we searched the secondary beam-normalized Pb counts over the analyses for nonsystematic variations indicative of Pb redistribution at the submicrometer scale during amphibolite-to granulite-grade metamorphism (11) . We separated JH zircons by hand using nonmagnetic techniques for SCP studies. We focused on larger zircons from the JH population that are greater than 150 mm in one dimension and separated them from searches of several thousand zircon crystals. We used 0.5-mm fused quartz sample holders to reduce blanks and used a routine that stacks complete magnetometer measurements at each demagnetization temperature step (11) . Thermal methods are best suited for retrieving any thermoremanent magnetization (TRM) recorded by the zircons (5). Demagnetization experiments revealed natural remanent magnetization (NRM) versus temperature decay mainly between~565°a nd 580°C, which is consistent with our microconglomerate results and the dominance of near-endmember magnetite (11) . We used the Thellier-Coe method with MD grain tail checks (Fig. 1, A, D , and G, and fig. S2 ) (11) . After paleointensity analyses, we analyzed zircons using the Geological Survey of Canada SHRIMP (Fig. 1, B , C, E, F, H, and I) (11) . Data from 19 zircons met an extensive set of selection criteria (tables S1 to S3) (11) . Age data from one sample (ZTC8) show evidence for Archean Pb loss that could represent greenschist metamorphism at~2.6 Ga or an older event. However, the data for this and the other samples do not indicate nonsystematic variations in Pb counts. For 207 Pb/ 206 Pb ages between 3.38 and 3.66 Ga, paleofield values range between~4 and 29 mT. These values are above threshold detection levels [~0.6 mT, defined by the interaction of the solar wind and an unmagnetized planet (1, 11) ], even with the consideration of coolingrate effects (11) , and suggest the presence of a geomagnetic field from Paleoarchean to Eoarchean times.
Only~12% of zircons from the Discovery site are >3.9 billion years old (7). To explore whether our samples preserve magnetic and age evidence SCIENCE sciencemag.org 31 (2); yellow, BGB Kaapvaal pluton (2); tan, Nondweni Greenstone Belt dacite (3); and pink, BGB dacite (3). All age and Thellier-Coe paleointensity uncertainties are plotted at 1s. Uncertainties for 565°C paleointensity determinations are a factor of two bounds ( fig. S2 ). Pink solid line and blue shaded region are, respectively, mean equatorial field value and standard deviation for the recent field derived from a bootstrap resampling of data from the past 800,000 years (11) . LHB, Late Heavy Bombardment (23) . Dashed line is the detection limit imposed by the external field (1).
for Hadean fields, we next applied a simplified paleointensity method to select zircons. This determination consisted of an evaluation of paleointensity at a single temperature (565°C) at which the characteristic remanent magnetization was defined. The 565°C determinations can provide a paleointensity estimate that is within a factor of approximately two of the full Thellier-Coe value ( fig. S3) Pb ages between~3.26 and~4.22 Ga for these samples. These data also lack nonsystematic variations in Pb counts, but age data for our two oldest samples show some complexity. For our oldest sample (Z565-12; 4.22 Ga), we interpret this complexity as the influence of greenschist grade metamorphism at~2.6 Ga (Fig. 2B) . For sample Z565-5 (4.11 Ga), we cannot exclude the possibility of reheating between 2.6 and 3.9 Ga. We note that this age complexity is not seen in our samples dating to~4 Ga and younger (Fig. 2, B to C) . Paleointensities recorded by the 565°C determinations (Fig. 3 ) also exceed external field values and therefore suggest the presence of a core dynamo in the Hadean Eon.
Before the onset of inner core growth, the geodynamo was likely driven by thermal convection, in which case, the heat flow at the core-mantle boundary (CMB) must have exceeded the adiabat. Recent estimates suggest an adiabatic value around 15 TW (14, 15), although some are lower (16) . Neither stagnant lid convection, as has been proposed for the Archean (17) , nor the modeled heat transfer across a basal magma ocean (4) is consistent with an operating dynamo during this interval. Advection via heat pipes (18) and/or plate tectonics were likely the main mantle heat transfer processes operating on the early Earth.
In the absence of a core dynamo field, atmospheric N 2 would be susceptible to ionization and removal by solar wind pickup (1, 19) . The presence of a magnetic field is therefore consistent with the lack of nitrogen isotopic fractionation deduced by the study of geologic samples of the Archean atmosphere (20) . However, the weakest paleointensity values (Fig. 3) are comparable with a magnetic field only~12% of that of today, which would imply magnetopause standoff distances less than three Earth radii (1) . A coronal mass ejection added to this steady-state solar wind could have resulted in the pulsing of volatiles and water from Earth's atmosphere and perhaps implantation of nitrogen on the Moon (21). This in turn argues that Earth's water budget was initially much greater than today-and/or that it was replenished during the delivery of a water-rich late veneer (22) or during the tail of the Late Heavy Bombardment (23) at~3.9 Ga-to account for today's water inventory. In addition to magnetic shielding, total losses may have been in part mitigated by bottlenecks in transport through the atmosphere and/ or an early hydrogen envelope (1, 19) , the latter restricting extreme atmospheric expansion.
Our paleointensity and age data suggest the presence of a core dynamo >750 million years earlier than prior estimates. An early start for the geodynamo is similar to that of the early Martian magnetic field (24) , but the subsequent collapse of the Martian dynamo probably facilitated atmospheric stripping (25) . In contrast, the early start and persistence of atmospheric shielding attendant with the long-lived geodynamo was likely a key factor in the development of Earth as a habitable planet. 
